This paper discusses the assessment of breakdown probability by means of the up-and-down method. The Dixon and Mood approximation to the maximum-likelihood estimate is compared with the exact maximum-likelihood estimate for a number of response patterns.
INTRODUCTION
In order to design insulation systems, it is necessary to assess the breakdown probability of the various air gaps and components of recovery-type insulation systems. The "up-and-down" method is widely used for estimation of the 50% probability breakdown voltage U50. The analysis may be extended to yield estimates of a scaling parameter a in the breakdown probability function. For most breakdown probability functions, the scaling parameter is simply the standard deviation. There are doubts, however, as to whether these estimates of a are reliable.
The prediction of fractiles corresponding to extremely low probabilities, which are of particular interest to the design engineer, requires precise knowledge of both U5o and a. A certain error in a may double the error in the estimation of the 5% fractile, and it may more than triple the error in a predicted 0.1% fractile.
The classical up-and-down method of Dixon and Mood was based on a maximum-likelihood estimation of U50 and a for a normal distribution [1, 2] . However, because of the lack of modern computing facilities at that time, Dixon and Mood developed a simple approximation to the maximum-likelihood estimator. It is, therefore, of interest to consider how good this approximation actually is. In the past, such studies have been undertaken by many authors [3] [4] [5] [6] [7] [8] [9] . Wetherill 
PROCEDURE
In the following analysis the total number of shots in a test sequence has been fixed to N=20, which makes it practicable to identify the possible array of the matrix {nij} associated with a number of test sequences.
Furthermore we shall restrict the analysis to sequences containing either 4 or 5 levels, which for N=20 ensures that meaningful information can be obtained. We consider only sequences where the highest voltage level applied always resulted in breakdowns and the lowest level always in withstands. All other levels must possess at least one breakdown. The sequence is always started at the lowest level. Tables 1 and 2 show for selected matrices {nij}Athe exact values of the maximum likelihood estimates m and s, and the corresponding values obtained from Dixon and Mood' s approximation. Table 1 Exact maximum likelihood estimates of m=(U50-Al)/d and s=d/o compared with Dixon and Mood's approximation for selected responses in an up-and-down test with N=20 shots over 4 voltage levels. A normal probability distribution is assumed. Table 2 is those 4th order not less than 100 limited to those 5th order square matrices each of which contain more than 200 individual sequences. The limitation of the number of selected matrices has made the analysis as comprehensible as possible without losing significant information. If, in a practical test situation, the pattern of responses is extreme, the test is generally discarded and the testing conditions further investigated. We believe that the matrices given in Tables 1 and  2 represent such response patterns that normally would be accepted as originating from satisfactory testing conditions. Vibholm and Thyregod: Insulation breakdown by the up-and-down method Table 2 Exact maximum likelihood estimates of m=(U5 o -A1d )/ and s=dlu compared with Dixon and Mood's approximation for selected responses in an up-and-down test with N=20 shots over 5 voltage levels. A normal probability distribution is assumed. This reveals the fact that Dixon and Mlood's approximation does not take the effect of the initial part of a sequence into account, although this effect cannot be avoided with a sample of limited size.
As an example, the data for the maximum-likelihood estimates for a normal distribution given in the two tables can be applied to an actual up-and-down test with N=20 in the following way: Table 3 Matrix elements obtained in an up-and-down test with N=20.
Let the matrix element obtained from the test be as given in Table 3 Figs. 2 and 3 show that both the starting point and the step size are critical for obtaining a small error in the estimated Uso and a. For N=20 the best step size is d=1.5 a and the starting point a little more than two steps below Uso. Tables 1 and 2 .
In order to determine the optimal values of N, A1 and d which would yield the most reliable values of U5o and a for N>20, it becomes necessary to apply more involved methods than those referred to in the present study.
